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Fusion of the lentogenic strain “Clone 30” of Newcastle disease virus (NDV) with the cell line COS-7 has been studied.
Fusion was monitored using the octadecylrhodamine B chloride dequenching assay [Hoekstra, D., de Boer, T., Klappe, K. and
Wilschut, J. (1984). Biochemistry 23, 5675–5681]. In the present work, fusion of NDV with COS-7 cells was found to occur in
a time- and temperature-dependent fashion. Significant dequenching of the probe occurred at temperatures higher than
28°C. A 20-fold excess of unlabeled virus inhibited fusion by about 53% compared with the control, whereas 62% inhibition
of fusion was obtained after digestion of viral glycoproteins with trypsin. The data are discussed in terms of the nonfusion
transfer of the probe. In addition, preincubation of cells with 50 mM ammonium chloride or 0.1% sodium azide prevented NDV
from fusing with COS-7 cells by about 30% in comparison with the control. The cytopathic effect of NDV infection in cell
culture in the presence of ammonium chloride was reduced compared with control. Moreover, viral preincubation at pH 5
yielded a mild inhibition of fusogenic activity. Our results suggest that NDV may use the endocytic pathway as a comple-
mentary way of entering cells by direct fusion with the plasma membrane. © 1999 Academic PressKey Words: Newcastle disease virus; viral fusion; virus entry; R18 dequenching; membrane fusion.
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aINTRODUCTION
Newcastle disease virus (NDV) is an avian enveloped
ingle-stranded RNA virus belonging to the family of
aramyxoviridae, genus Rubulavirus. The membrane
ontains two transmembrane glycoproteins: the hemag-
lutinin-neuraminidase (HN) and fusion glycoprotein (F)
rotein (Choppin and Compans, 1975). HN mediates the
inding of the virus to cell surface molecules containing
ialic acid, and it also displays neuraminidase activity
hat probably prevents the aggregation of progeny virus.
oth sialidase and hemagglutinating activities are af-
ected by the viral membrane composition (Mun˜oz-Bar-
oso et al., 1997). In addition, a third HN fusion promotion
ctivity has been proposed (Morrison et al., 1991; Hor-
ath et al., 1992; Sergel et al., 1993a, 1993b). This activity
eems to be located in the stalk domain of the HN
rotein (Stone-Hulslander and Morrison, 1999).
F protein is produced as a single inactive peptide, Fo,
hich once cleaved by a cellular protease (Gotoh et al.,
990; and reviewed in Morrison and Portner, 1991; White,
990), becomes the active F1OF2 form, with two pep-
ides linked by a disulfide bond (Iwata et al., 1994;
cGinnes and Morrison, 1997). As a consequence of the
leavage, a 24-amino acid hydrophobic peptide or fusion
eptide is emplaced at the F1 N-terminus (Brasseur et
l., 1990). This peptide is thought to play an important
1 To whom reprint requests should be addressed. Fax: 34-923-
t94579. E-mail: evillar@gugu.usal.es.
329ole in fusion mediated by NDV by insertion into the
ilayer of the target membrane (White, 1990; Hernandez
t al., 1996). The neutral pH mechanism of fusion, medi-
ted by the NDV F protein, remains unknown. Recently,
tone-Hulslander and Morrison (1997) reported an inter-
ction between HN and F proteins in NDV-infected cells.
oreover, the thermal transitions of NDV glycoproteins
ave been identified (Shnyrov et al., 1997).
After membrane fusion, enveloped viruses enter the
ell through two main pathways: direct fusion between
he viral envelope and the plasma membrane, and re-
eptor-mediated endocytosis. Togaviruses, rhabdovi-
uses, and orthomyxoviruses enter cells via endocytosis,
nd viral membrane fusion with the endosomal mem-
rane is triggered by an acidic pH (reviewed in Lamb,
993; White et al., 1983; Marsh and Helenius, 1989).
nfluenza virus, an orthomyxovirus, is the best character-
zed virus, with low pH fusion activation. Its HA protein
ndergoes an irreversible conformational change trig-
ered at acidic pH after receptor-mediated endocytosis
f the virus (White, 1990, 1992; Wiley and Skehel, 1987).
s a consequence of the conformational change, the
usion peptide is exposed close to the target membrane.
y contrast, other viruses, such as paramyxoviruses or
any retroviruses, can undergo fusion of their envelope
ith the plasma membrane in a pH-independent mech-
nism (White et al., 1983; Nagai et al., 1983). For some
iruses, fusion can occur at the plasma membrane and
lso in endosomes (White et al., 1983). The mechanismhrough which any pH-independent fusion protein func-
0042-6822/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.
t
c
H
b
p
p
a
i
f
f
g
p
i
m
w
c
K
c
v
e
m
d
e
b
b
o
(
e
t
s
f
l
t
a
s
l
c
e
k
s
i
d
c
t
a
N
n
b
i
t
h
p
E
m
w
m
t
b
n
3
n
p
f
t
f
v
(
t
t
R
f
t
c
s
1
r
B
w
N
f
v
1
H
a
f
o
d
u
4
o
w
a
i
i
c
t
a
u
o
t
330 SAN ROMA´N, VILLAR, AND MUN˜OZ-BARROSOions remains to be determined. The existence of some
onformational changes similar to those of influenza
A-triggered receptor binding in the cell membrane has
een proposed (White et al., 1983). NDV, as a typical
aramyxovirus, is thought to fuse with a target cell
lasma membrane at neutral pH through the combined
ction of the HN and F glycoproteins, the former involved
n virus–target membrane binding and the latter specific
or fusion (Morrison and Portner, 1991). However, most
usion events are unknown and remain to be investi-
ated.
The relief of self-quenching of the fluorescent lipid
robe octadecylrhodamine B chloride R18 incorporated
n the viral membrane has been used as a reliable
ethod for measuring the fusion of enveloped viruses
ith target membranes, such as liposomes or erythro-
yte ghosts (Hoekstra et al., 1984, 1985; Hoekstra and
ok, 1989; Lorge et al., 1986; Cobaleda et al., 1994) or
ultured cells (Pedroso de Lima et al., 1991, 1992; Srini-
asakumar et al., 1991; Blumenthal et al., 1987; Sinangil
t al., 1988). The dependence of fusion on the target
embrane such as erythrocyte ghosts, liposomes, or
ifferent cell lines has been reported (Pedroso de Lima
t al., 1991; Du¨zgu¨nes et al., 1992). In addition, it has
een shown that spontaneous exchange of the probe
etween membranes can occur, depending on the type
f R18 labeling and on the target or effector membranes
Cobaleda et al., 1994; Blumenthal et al., 1987; Stegmann
t al., 1993; Ohki et al., 1998).
The fusion activity of NDV has been investigated in
erms of its ability to induce cell–cell fusion using the
yncytium assay (Sergel et al., 1993b) and its ability to
use with erythrocyte ghosts (Cobaleda et al., 1994) and
iposomes (Lorge et al., 1986). Nevertheless, the poten-
ial of NDV to fuse with cultured cells has only been
nalysed to a limited extent. In the present work we
tudied the fusion of NDV with the adherent monkey cell
ine COS-7 by analysing the dequenching of the fluores-
ent probe R18 inserted into the effector membrane. We
xamined the temperature and pH dependence of the
inetics and the final extent of fusion. The effects of
everal agents and conditions on the fusogenic capabil-
ties of NDV were also analysed. Here, we present evi-
ence of a low pH activation of NDV fusion with host
ells. We found fusion to be enhanced at acidic pH and
hat viral fusion activity was inhibited by sodium azide
nd ammonium chloride together with a reduction of
DV infection in cell culture in the presence of ammo-
ium chloride. We interpret these results as the contri-
ution of endocytosis to the overall fusion events in the
nteraction of NDV with COS-7 cells. Our results suggest
hat when fusing with intact cells, NDV can penetrate the
ost cell through two different ways: fusing with the
lasma membrane and through the endocytic pathway. sRESULTS
ffect of cell and virus concentrations on fusion
We used the R18 fluorescence dequenching assay to
onitor fusion between NDV and COS-7 cells. Fusion
as quantified by continuous fluorometric measure-
ents. To study the effect of target membrane concen-
ration on fusion, 20 mg of R18-labeled NDV was incu-
ated with either 2 3 106 or 3.5 3 106 COS-7 cells at
eutral pH, and fusion was monitored continuously at
7°C as described in Materials and Methods. Because
o differences were observed in the fusion kinetics after
rebinding of NDV to erythrocyte ghosts at 4°C or direct
usion (Cobaleda et al., 1994), no cold preincubation of
he samples before the fusion experiments was per-
ormed. The extent of fusion was higher with the lower
irus/cell ratio because the increased number of cells
approximately twofold) yielded only a slight increase in
he extent of fusion. By contrast, when the cell concen-
ration was fixed (3.5 3 106 cells), concentrations of
18-labeled NDV above 20 mg led to lower degrees of
usion (data not shown). This result indicates that most of
he binding sites are saturated with 20 mg of NDV at the
ell concentration of these assays. In view of the data
ummarized above, 20 mg of R18-labeled NDV and 3.5 3
06 COS-7 cells were used for most of the experiments
eported in this work.
inding of R18-NDV to COS-7 cells
Experiments on the binding of R18-NDV to COS-7 cells
ere performed at 4°C. In them, 20 mg of R18-labeled
DV was incubated with 3.5 3 106 COS-7 cells at 4°C
rom 0 to 60 min under stirring. After incubation, the
irus–cell complex was precipitated by centrifugation at
40 g for 5 min at 4°C and then washed twice with
EPES buffer, pH 7.4. Total fluorescence was measured
t room temperature by the addition of 1% of Triton X-100,
inal concentration, as described in Materials and Meth-
ds. No transfer of R18 to the target membranes was
etected after incubation of R18-labeled NDV and COS-7
p to 60 min at 4°C (Fig. 2B). As summarized in Fig. 1,
0% of the viruses added was bound to cells after 30 min
f incubation, and no enhancement in this percentage
as detected by increasing the time of virus–cell contact
t 4°C up to 60 min. This suggests that under our exper-
mental conditions, binding is saturated after 20 min of
ncubation.
In other sets of experiments, the binding of NDV to
ells was analysed after virus treatment with 5% of glu-
araldehyde or 7 mg of trypsin/mg NDV (see Materials
nd Methods) or in the presence of a 20-fold excess of
nlabeled NDV. Compared with the controls, the capacity
f glutaraldehyde- or trypsin-treated viruses to bind to
arget membranes was reduced by about 70% with re-
pect to the control. Similarly, the binding of R18-NDV
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331NDV-CELL CULTURE FUSIONas reduced by 60% in the presence of unlabeled effec-
or membranes.
Binding of NDV to COS-7 cells at pH 5 and after
reatment of target cells with ammonium chloride or
odium azide (see below) was also measured after 30
in of incubation of virus–cell mixtures at 4°C. Our data
ndicated no significant differences on the percentage of
ound virions to cells under these conditions compared
ith control (data not shown).
emperature dependence of fusion
R18-labeled NDV was allowed to fuse with 3.5 3 106
OS-7 cells in HEPES buffer, pH 7.4, at different temper-
tures. Fusion kinetics were monitored continuously at
7°C and 25°C for 30 min. The results are summarized in
ig. 2A. It is clear from the graph that the kinetics and the
xtent of fusion are very different at both temperatures
ssayed, with the final extent of fusion being reduced by
ore than 75% at 25°C compared with that carried out at
7°C. For 37°C, the fluorescence signal shows an initial
harp increase, with the rate of this increase decreasing
ith time, whereas the emission of fluorescence de-
uenching of R18 shows an approximately linear in-
rease at 25°C. By computer fitting, the data on the
FIG. 1. Binding of R18-NDV to COS-7 cells; 20 mg of R18-labeled ND
tirring. After this, the virus–cell complex was precipitated by centrifuga
EPES buffer, pH 7.4. The supernatant from the washes were pooled,
t room temperature by the addition of 1% (final concentration) of Trito
ndependent experiments.ercentage of fusion versus time at 37°C were adjusted 3o the sum of two exponentials (Eq. 2, see Materials and
ethods), with the first one representing specific fusion
A1 and K1 parameters), a slow dequenching reaction,
nd the second one representing nonspecific fusion (A2
nd K2 parameters) (Cobaleda et al., 1994; Ohki et al.,
998). The kinetic constants of the fusion reaction at
7°C and pH 7.4 are shown in Table 1. We were unable
o use the same approach when trying to fit the experi-
ental data obtained at 25°C. The apparent initial fusion
ates calculated from the slope of the steepest part of the
urve (Hoekstra et al., 1985) were 5.5 times lower at 25°C
han at 37°C (data not shown).
In the next series of experiments, single time points
ere measured in a final fusion-time experiment (Fig.
B). R18-labeled NDV (20 mg) were allowed to fuse with
.5 3 106 COS-7 cells in 2 ml of HEPES buffer, pH 7.4, at
everal different temperatures. At the end of the incuba-
ion time (60 min), Triton X-100 (1% v/v, final concentra-
ion) was added. For all the temperatures assayed, the
ercentage of dequenching was calculated immediately
t room temperature. As can be seen from Fig. 2B, the
xtent of fusion of NDV with COS-7 cells was dependent
n temperature, with no probe transfer at 4°C, and in-
reased sharply above 28°C. Therefore, the optimum
emperature for fusion between NDV and COS-7 cells is
incubated with 3.5 3 106 COS-7 cells at 4°C from 0 to 60 min under
140 g at 4°C for 5 min and then washed twice with 800 ml of ice-cold
e distribution of R18 in the cell pellet and supernatant was measured
, as described in Material and Methods. Data are mean 6 SD of twoV was
tion at
and th
n X-1007°C.
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332 SAN ROMA´N, VILLAR, AND MUN˜OZ-BARROSOFIG. 2. Temperature dependence of fusion of NDV with COS-7 cells. (A) 20 mg of R18-labeled NDV was incubated with 3.5 3 106 COS-7 cells at
7°C or 25°C for 30 min under continuous stirring in 2 ml final volume. Fusion was monitored continuously as described in Materials and Methods
y measuring the dequenching of R18. For both temperatures, data are mean values of two independent experiments; standard deviations were
0.565. E, Kinetics at 37°C; F, kinetics at 25°C. (B) 20 mg of R18-labeled NDV was incubated with 3.5 3 106 COS-7 cells in 2 ml final volume at the
ndicated temperatures for 60 min under stirring. Temperature was controlled in a water bath. Then the extent of fusion was calculated according to
q. 1 (see Materials and Methods) at room temperature after the addition of Triton X-100 (1% v/v, final concentration), taking fusion at 37°C as 100%
f fusion. Data are mean 6 SD of two independent experiments.
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333NDV-CELL CULTURE FUSIONH dependence of fusion
To determine the effect of acidic and basic pH on NDV
usion with cultured cells, 20 mg of R18-labeled NDV was
TABLE 1
pH Dependence of Kinetic Parameters
pH A1
K1
(s21) A2
K2
(3 1024 s21)
.4 4.85 6 1.17 0.041 6 0.014 35.77 6 9.11 5.04 6 1.9
8.87 6 1.35a 0.032 6 0.021 25.70 6 5.65 9.3 6 3.7
4.85 6 0.47 0.023 6 0.003 44.67 6 21.18 3.28 6 2.1
Note. R18-labeled NDV (20 mg) was incubated with 3.5 3 106 COS-7
ells at 37°C for approximately 30 min under continuous stirring at
ifferent pH values. For pH values 7.4 and 8, HEPES buffer adjusted to
he desired pH was used; for pH 5, cell and virus mixtures were
ncubated in citric–citrate buffer adjusted to pH 5. Fusion was moni-
ored continuously as described in Materials and Methods by measur-
ng the dequenching of R18. Kinetic parameters were determined by
djusting the experimental data to the sum of two exponentials using
he SIMFIT simulation package (Bardsley et al., 1995). For pH 7.4, the
ata are mean values of five independent experiments; for pH 5 and 8,
he data are mean values of three and two independent experiments,
espectively.
a Significative difference ( p , 0.001, in Student’s t test with 6 degrees
f freedom) from pH 7.4.
FIG. 3. pH dependence of NDV fusion with COS-7 cells; 20 mg o
pproximately 30 min under continuous stirring at different pH values.
or pH 5 (M), cell and virus mixtures were incubated in citric–citrate b
aterials and Methods by measuring the dequenching of R18. For peviations were #3.215. For pH 7.4 and 8, the data are mean values of two incubated with 3.5 3 106 COS-7 cells at different pH
alues for approximately 30 min under continuous stir-
ing. We did not detect any increase in dequenching after
ncubation of the virus in the absence of cells at pH 5 or
n the presence of NH4Cl or sodium azide (see below) up
o 30 min at 37°C under continuous stirring. The data are
ummarized in Fig. 3. Fusion reaction at pH 7.4 and 8
chieved a similar final extent at the time studied; the
arameters of the two exponentials were also very sim-
lar (Table 1). Nevertheless, it can be seen that the extent
f fusion at pH 5 was higher than that in the controls (i.e.,
H 7.4). Moreover, the value of the A1 parameter (repre-
enting the asymptote of the specific part of the equa-
ion) of the two exponential equations fitted to the exper-
mental data of Fig. 3 was twofold higher than those
btained at pH 7.4 and 8 (Table 1). These results indicate
hat the entry of NDV into COS-7 cells is enhanced at pH
. To analyse the effect of acidic pH activation on the two
omponents involved in fusion, NDV or COS-7 cells alone
ere incubated at pH 5 for 30 min before the fusion
eaction. After this incubation, preincubated NDV or pre-
ncubated COS-7 cells were mixed with their nonincu-
ated partners, and the extent of fusion was monitored
ontinuously as above. This preincubation resulted in an
nhibition of fusion of about 10% (preincubated NDV) or
0% (preincubated cells) in comparison with the control.
abeled NDV was incubated with 3.5 3 106 COS-7 cell at 37°C for
7.4 () and 8 (E), HEPES buffer adjusted to the desired pH was used;
djusted to pH 5. Fusion was monitored continuously as described in
data are mean values of three independent experiments; standardf R18-l
For pH
uffer a
H 5, the
ndependent experiments with standard deviations of less than 0.22.
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334 SAN ROMA´N, VILLAR, AND MUN˜OZ-BARROSOinetics of fusion in the presence of the
ysosomotropic agent NH4Cl
To further analyze the activation of fusion between
DV and COS7 cells at pH 5 described above (Fig. 3), the
ffect of NH4Cl treatment of cells on virus–cell fusion
as investigated. For this purpose, COS-7 cells were
reincubated in the presence of 50 mM NH4Cl for 60 min
t 37°C. This reagent has been shown to increase the
H in endosomes (Mellman et al., 1986; Stegmann et al.,
987). After preincubation, R18-labeled NDV virus was
dded, and fusion was monitored as described above.
nalysis of the data revealed that NH4Cl inhibited fusion
y 27% with respect to the control after 30 min of incu-
ation (Table 2). The degree of inhibition was lower after
hort times of virus–cell contact (Fig. 4; and data not
hown). These results were supported by those of fusion
nhibition when COS-7 cells were preincubated in the
resence of 0.1% of sodium azide, which inhibits endo-
ytosis by blocking the production of the metabolic en-
rgy needed for the endocytic activity of the cell (Blu-
enthal et al., 1987). In this case, the preincubation of
he cells resulted in a 27% inhibition of fusion from the
ontrol (Table 2), suggesting that the endocytic machin-
ry would be partially necessary.
To test the effect of the salt in the efficiency of NDV
nfectivity, infection of cell monolayers was studied in the
resence of NH4Cl. After the incubation of Vero cells in
he presence of the salt for 1 h at 37°C, virus infection
as accomplished as described above. Cytopathic effect
as analyzed by microscopy. We observed a reduction of
he cell damage in presence of NH4Cl. Data are summa-
ized in Table 3.
inetics of fusion in the presence of unlabeled NDV
To analyze the effect of an excess of unlabeled effector
embrane on the extent of fusion between R18 NDV and
OS-7 cells as measured by dequenching of the fluores-
ent probe, we performed competition experiments with
nlabeled virus. R18-labeled NDV (20 mg) was incubated
ith 3.5 3 106 COS-7 cells at 37°C in the presence of a
0-fold excess of unlabeled NDV for approximately 30
in. The initial rate of fusion decreased in the presence
f excess of unlabeled NDV (data not shown), and the
inal extent of fusion was reduced by about 53% in
omparison with the control (Table 2). Unlike in the con-
rols, the experimental data obtained for samples in the
resence of unlabeled NDV cannot be adjusted to a sum
f two exponentials. Binding in the presence of an ex-
ess of unlabeled NDV was seen to be inhibited by about
0%. This suggests that the reduction in probe transfer
etween R18-labeled NDV and COS-7 cells would be due
o a competition phenomenon: some of the binding sites
re occupied by unlabeled NDV, and hence the number
f sites with which the labeled virions are able to fuse iseduced. tffect of N24 peptide
The inhibitory effect on NDV-mediated fusion of the
ynthetic peptide N24 was assayed at both pH 7.4 and 5.
DV was incubated in the presence of peptide as de-
cribed in Materials and Methods, and then the virus–
eptide mixtures were diluted 10-fold in the suitable
uffer to a final peptide concentration of 40 mg/ml (15
M). For both pH values, the percentage of fusion inhi-
ition was similar, about 60% of inhibition from control
controls, fusion at pH 7.4 and 5 without peptide, respec-
TABLE 2
Effect of Different Agents on the Fusion between NDV
and COS-7 Cells
Agent
% Fusion with
Respect to Control % Inhibition
0°C (30 min) 46.1 53.9
0-fold unlabeled NDVa 47.13 6 4.9 52.87 6 4.9
DV 1 5% glutaraldehydeb 38.1 6 2.8 62.04 6 2.8
OS-7 1 5% glutaraldehyde 0 100
rypsina 37.75 6 4.6 62.25 6 4.6
odium azide (pH 7.4)b 72.55 6 0.35 27.45 6 0.35
H4Cl
b 74.03 6 7.9 26.0 6 7.9
24 (pH 7.4)a 38 6 1 62 6 1
24 (pH 5)c 39 61
Note. R18-labeled NDV (20 mg) was incubated with 3.5 3 106 COS-7
ells at 37°C under different conditions with continuous stirring for 30
r 60 min, and fusion was monitored continuously according to Eq. 1.
or data in the presence of NH4Cl, COS-7 cells were incubated in
EPES buffer containing 50 mM of NH4Cl for 60 min at 37°C. Then,
ells were mixed with NDV to a final volume of 2 ml, and fusion was
ontinuously monitored for approximately 30 min. For sodium azide
ata, COS-7 cells were preincubated at 37°C under stirring in the
resence 0.1% sodium azide in HEPES buffer, pH 7.4, for 45 min. After
ncubation, the mixture was transferred to a cuvette, and fusion was
nitiated by the addition of R18-labeled virus. For N24 data, NDV was
ncubated in the presence of peptide for 1 h at room temperature and
hen diluted 10-fold in the suitable buffer to a final peptide concentra-
ion of 40 mg/ml (15 mM), and fusion was accomplished as described;
he cells were preincubated in the presence of ammonium chloride as
escribed above. For trypsin-treated virus, R18-labeled NDV was incu-
ated in the presence of 1.4 mg/ml trypsin, as described in Materials
nd Methods. The reaction was stopped by the addition of soybean
rypsin inhibitor. Then, COS-7 cells were added, and the fusion reaction
as monitored continuously at 37°C. For glutaraldehyde experiments,
0 mg of R18-labeled NDV or 3.5 3 106 COS-7 cells was incubated in
he presence of 5% glutaraldehyde (v/v, final concentration) in 1 ml of
EPES buffer, pH 7.4, for 30 min at 37°C with stirring. After adding the
arget or effector partner, fusion was accomplished as described
bove. For heat-treated virus, the viral sample was incubated for 30 min
t 70°C, and the fusion reaction was accomplished as above. Unless
ndicated otherwise, for control, 3.5 3 106 COS-7 cells were incubated
ith 20 mg of R18-labeled NDV in HEPES buffer, pH 7.4
a Mean 6 SD of three determinations.
b Mean 6 SD of two determinations.
c Control, 3.5 3 106 COS-7 cells incubated with 20 mg of R18-labeled
DV in citric–citrate buffer, pH 5.ively). Data are summarized in Table 2.
ER
b
(
m
1
l
w
N
d
c
w
u
N
e
p
a
o
a
o
s
w
t
s
h
s
t
o
d
w
t
T
i
f
d
f
5
c
w
C
A
l
c
t
p
a
a
335NDV-CELL CULTURE FUSIONffect of other inhibitors
It has been established that the transfer of the probe
18 from one labeled membrane to another as measured
y its dequenching can be due to nonspecific transfer
i.e., transfer without fusion) (Cobaleda et al., 1994; Blu-
enthal et al., 1987; Stegmann et al., 1993; Ohki et al.,
998; Wunderli-Allenspach and Ott, 1990; Wunderli-Al-
FIG. 4. Extension of fusion after 2 min of virus–cell contact; 20 mg o
ifferent conditions and continuous stirring for approximately 30 min, an
as calculated 2 min after starting the fusion reaction. For the control, t
he legend for Fig. 3; for data in the presence of NH4Cl, COS-7 cells w
hen cells were mixed with virus to a final volume of 2 ml, and fusio
ncubated with 2 mM dithiothreitol or 10 mM mercaptoethanol in 100 m
usion was initiated by the addition of COS-7. For trypsin-treated viru
escribed in Materials and Methods. The reaction was stopped by the
usion reaction was monitored continuously at 37°C. For glutaraldehyd
% of glutaraldehyde (v/v, final concentration) in 1 ml of HEPES buffer,
ells, fusion was accomplished as described above. For heat-treated vir
as accomplished as above.
TABLE 3
Cytopathic Effect of NDV Infection in Cell Culture
Virus dilution
1022 1023 1025
ontrol 111 111 1
mmonium chloride 11 11 1
Note. 1, 11, 111, intensity of cytophatic effect. Vero cells mono-
ayers were incubated in the presence of NH4Cl for 1 h at 37°C. Then,
ells were infected with serial dilutions of NDV (initial protein concen-
ration of 1.6 mg/ml, 250 ml final volume of virus inoculum) in the
resence or absence (control) of the drug as described in Materials
nd Methods. At 24 h postinfection, the viral cytopathic effect wasdnalyzed by microscopy.enspach et al., 1993). To fully characterize our system,
e analysed the inhibition of fusion between R18-labeled
DV and COS-7 cells under different conditions. The
ata are summarized in Table 2. Treatment of COS-7
ells with 5% glutaraldehyde completely blocked fusion,
hereas treatment of NDV reduced the extent of fusion
p to 62% in comparison with the control.
The effect of proteases on the fusogenic capacity of
DV with COS-7 cells was also studied. For this set of
xperiments, R18-labeled NDV was incubated in the
resence of 1.4 mg/ml trypsin, as described in Materials
nd Methods. The reaction was stopped by the addition
f soybean trypsin inhibitor. Then, COS-7 cells were
dded, and the fusion reaction was monitored continu-
usly at 37°C. The incubation of virus with trypsin re-
ulted in a 62% inhibition of fusogenic activity compared
ith the control. SDS–PAGE analysis of the trypsin-
reated samples revealed that all the protein bands were
maller than 40 kDa, meaning that the protease had
ydrolyzed most of the viral HN and F proteins (data not
hown). Because about 40% of probe transfer was de-
ected after trypsin treatment, this finding suggests that
nly 60% of the total R18 fluorescence dequenching was
beled NDV was incubated with 3.5 3 106 COS-7 cells at 37°C under
n was monitored continuously according to Eq. 1. The extent of fusion
are mean values of six independent experiments; for pH 5 and 8, see
ubated in HEPES buffer containing 50 mM NH4Cl for 30 min at 37°C.
monitored continuously. For data on reducing agents, the virus was
P buffer, pH 7.4 (final volume), at 37°C for 30 min under stirring. Then
labeled NDV was incubated in the presence of 1.4 mg/ml trypsin as
n of soybean trypsin inhibitor. Then COS-7 cells were added, and the
riments, 20 mg of R18-labeled NDV was incubated in the presence of
, for 30 min at 37°C with stirring. Then after the addition of the target
viral sample was incubated for 5 min at 100°C, and the fusion reactionf R18-la
d fusio
he data
ere inc
n was
l of KN
s, R18-
additio
e expe
pH 7.4
us, theue to fusion triggered by the viral glycoproteins.
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In the present work, we characterized fusion of R18-
abeled NDV “Clone 30” strain with the adherent cell line
OS-7. After 30 min of incubation, the final extent of
usion was between 20% and 30% measured as the
ercentage of dequenching of R18 (Eq. 1). The incubation
f R18-labeled NDV alone at 37°C for 30 min did not
esult in any increase in dequenching (data not shown).
his finding is similar to those reported for other envel-
ped viruses such as Sendai (Pedroso de Lima et al.,
991; 1992), HIV (Sinangil et al., 1988), or vesicular sto-
atitis virus (VSV) (Blumenthal et al., 1987) when fused
ith different cell lines. The fusion rate of NDV with
OS-7 cells was affected by the density of virus particles
vailable for binding to the cell surface (data not shown).
he inhibition of the extent of fusion found at higher
irus/cell ratios could be due to a competition phenom-
non similar to that detected in the presence of a 20-fold
xcess of unlabeled NDV (Table 2). This suggests that
usion sites in the COS-7 membrane are reduced in the
resence of high concentrations of virions or that some
f the binding sites on the virus particle or on the cell
urface are inactive (Ramalho-Santos et al., 1996). Al-
hough the binding of paramyxoviruses to cell mem-
ranes has been described to be similar at 4°C and
7°C (Hoekstra and Klappe, 1986), we observed differ-
nces in the percentage of binding inhibition (80% versus
3% of fusion inhibition). This difference could be due to
ifferences in the binding at 4°C (temperature for binding
xperiments) and 37°C (fusion assay temperature) of the
wo R18-labeled and -unlabeled populations of viruses.
or some enveloped viruses, two kinds of binding be-
ween the viral membrane and receptors of the target
ell have been described (reviewed in Haywood, 1994),
ith one of them being weak at low temperatures, and
he other one stable at physiological temperatures. In the
ase of VSV, the endocytic entry route, but not fusion to
he plasma membrane, was inhibited in the presence of
10-fold excess of unlabeled virus (Blumenthal et al.,
987). By contrast, with Sendai virus fusion to the plasma
embrane was reduced in similar conditions (Pedroso
e Lima et al., 1992). Regarding the fusion between NDV
nd COS-7 cells, the inhibition of fusion in the presence
f a 20-fold excess of unlabeled effector membranes
Table 2) was higher than the inhibition of the endocytic
athway (discussed below). Thus it may be deduced that
usion to the plasma membrane is indeed inhibited, al-
hough effects on the endocytic entry route cannot be
uled out.
Interestingly, we observed that NDV can fuse with
OS-7 cells in the pH range of 4–7.4, indicating that NDV
as lower requirements for fusion with cells than with
rythrocyte ghosts (Lorge et al., 1986; Cobaleda et al.,
994). Different responses to the pH of the medium,
epending on the target membrane, have also been wbserved for other enveloped viruses (Pedroso de Lima
t al., 1991; Du¨zgu¨nes et al., 1992). The optimum pH for
DV fusion with erythrocyte ghosts has been found to be
.4 (Cobaleda et al., 1994), whereas here we observed
hat fusion with COS-7 was highest at pH 5, although
inding of NDV to COS-7 cells was similar at pH 7.4 and
(not shown). In addition, we found differences in the
inetic parameters at acidic pH. When ghosts were used
s the target membrane (Cobaleda et al., 1994), the
ighest values of A1 and K1 in Eq. 2 (specific fusion)
ere seen at pH 7.4 and were fivefold lower at pH 5.
espite this, according to the data from the present
ork, the A1 parameter was about twofold higher at pH
, meaning a higher value for the asymptotic value of the
pecific curve, whereas the rate of the reaction, repre-
ented by the K1 parameter, was very similar (Table 1) at
he pH values studied. Moreover, the parameters A2 and
2 in Eq. 2 were lower at acidic pH, meaning a lower
evel of nonspecific transfer of the probe. This is addi-
ional support to our observation of an enhancement of
usion at acidic pH: if specific fusion is enhanced at
cidic pH, there is less chance for nonspecific transfer of
he probe.
Ramalho-Santos et al. (1996) have shown that influ-
nza and Sendai virions can bind to the cellular surface
ia “inactive” sites, but after release from the target mem-
rane, they can fuse when contacting new membranes.
n other words, not all the bound virus particles can fuse,
ut they can both be defective particles. In the present
ork, the percentage of bound NDV to the cell surface
as found to be similar at neutral and acidic pH values,
hereas the percentage of fusion was greater at pH 5.
everal possibilities, which are not excluding, can ex-
lain such a difference: (1) the fraction of attached virions
o “active” sites is favoured at acidic pH; (2) at pH5, the
iral glycoproteins might arrange in a more optimal con-
ormation for fusion; and (3) the intermediate fusion
tates formed by the viral glycoproteins in the target
embrane are favoured to trigger complete fusion at
cidic pH.
Viruses that require acidic activation for to enter their
ost cells, such as orthomyxoviruses and rhabdoviruses,
re sensitive to the effect of weak bases, such as am-
onium chloride, which act by inhibiting endosomal
cidification (Marsh and Pelchen-Matthews, 1994). It is
ssumed that the entry of NDV into target cells is a
H-independent phenomenon that occurs only by fusion
f the viral membrane with the host cell plasma mem-
rane (White et al., 1983; Nagai et al., 1983). Despite this,
ere we report the inhibitory effect of ammonium chlo-
ide and sodium azide (lysosomotropic and an inhibitor
f endocytosis agents, respectively) on the fusion be-
ween NDV and COS-7 cells. As reported above, we
ound an increased extent fusion between NDV and
OS-7 cells at pH 5.Viruses that use the endocytic path-
ay show a significant enhancement of fusion at acidic
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337NDV-CELL CULTURE FUSIONH (Blumenthal et al., 1987; Gething et al., 1986; Scheule,
987). The use of two mechanisms for fusion, direct
usion to the plasma membrane and endocytosis, has
een described for some viruses such as Epstein–Barr
irus (White et al., 1983); Rous sarcoma virus can fuse
hrough acidic-dependent and pH-independent mecha-
isms (White et al., 1983), and HIV can fuse either with
he cell surface or with internal membranes (Sinangil et
l., 1988; Maddon et al., 1988; Stein et al., 1987; Pauza,
991). Here we report an increase in fusion at acidic pH
f 30% over that obtained at neutral pH (Fig. 3) and a
imilar percentage of inhibition in the presence of so-
ium azide or ammonium chloride (Table 2). This en-
ancement of the rate of fusion at acidic pH seems to be
ue to viral glycoproteins because the extension of fu-
ion was inhibited in a similar rate by an inhibitory
eptide derived from the F protein. Moreover, the fusion
eaction at pH 5 was faster than that at neutral or basic
H values; after 2 s of virus–cell contact, 2% of fusion
as obtained at acidic pH, whereas the same extent of
usion was achieved after 20 s at pH 7.4 and 8. Unlike
iruses that require acidic pH triggering, the NDV fusion
rocess was not completely abolished by the weak base
mmonium chloride. In addition, and unlike in previous
ork (Trybala, 1987), the efficiency of virus infection in
ell cultures was reduced, but not completely abolished,
n the presence of ammonium chloride (Table 3). Taken
ogether, these data suggest that NDV is able to enter the
ell by use of the endocytic machinery, although direct
usion of the viral NDV envelope with the host cell
lasma membrane would be the main pathway for viral
ntry. Both mechanisms seem to indeed be functional
athways for NDV entry.
Pretreatment of some enveloped viruses at acidic pH
an either inactivate their fusion activity (White, 1983) or
ause an enhancement of fusion (Puri et al., 1988). In the
resent work, we observed that the fusogenic capacity of
DV underwent a slight reduction after preincubation of
he virus at acidic pH in the absence of target cells (data
ot shown). Similar results were found by Pedroso de
ima et al. (1992) for Sendai virus when they were fused
ith cells, although in this system, fusion was pH inde-
endent. Because the fusogenic activity of NDV enve-
ope glycoproteins is not strongly affected by low pH
retreatment, the mild inactivation described here could
e due to a clustering of viral glycoproteins after the
cidic treatment, or an aggregation of viruses, as de-
cribed before for VSV (Puri et al., 1988). Low pH treat-
ent of NDV would lead to the formation of large clusters
f virions that are too large to enter the coated pits. If this
ere the case, acidic pretreated NDV would enter the
ell mainly by direct fusion with the plasma membrane.
espite this, some kind of conformational changes or
patial rearrangements of the viral membrane compo-
ents at acidic pH cannot be ruled out.Dequenching of the lipophilic probe R18 has been bidely used to monitor fusion between enveloped vi-
uses and target membranes (Hoekstra et al., 1984, 1985;
oekstra and Kok, 1989; Lorge et al., 1986; Pedroso de
ima et al., 1991, 1992; Stegmann et al., 1987, 1993;
rinivasakumar et al., 1991; Sinangil et al., 1988; Du¨z-
u¨nes et al., 1992; Ramalho-Santos et al., 1996). The
alidity of this assay has been questioned on the
rounds that nonspecific transfer of the probe (i.e., trans-
er without fusion) may occur (Cobaleda et al., 1994;
lumenthal et al., 1987; Stegmann et al., 1993; Ohki et al.,
998; Wunderli-Allenspach and Ott, 1990; Wunderli-Al-
enspach et al., 1993). The magnitude of the effect varies
or different membranes. For the same donor mem-
ranes but different cell lines, the extent of this phenom-
non is difficult to predict, and hence, proper control
ssays should be performed in which the donor mem-
rane is tightly bound to the target membrane but unable
o fuse to it. To analyse the extent of the nonspecific
robe transfer during the fusion of R18-labeled NDV with
OS-7 cells, we studied the effect of different conditions
n the overall dequenching signal (Table 2). The maxi-
um inhibition of fusion was found for trypsin-treated
iruses: up to 62% of inhibition. These data differ from
hose reported for other viruses in which fusion was
ompletely abolished after protease treatment (Hoekstra
t al., 1985) but similar to those published for Sendai
irus fusion with adherent cells (Pedroso de Lima et al.,
992) and for Rous sarcoma virus (Srinivasakumar et al.,
991). Because in the present work the viral glycopro-
eins were digested by the protease (checked by SDS–
AGE analysis, data not shown), the 40% of dequenching
etected when trypsin-treated NDV was the effector
embrane could have been due to probe transfer with-
ut fusion. We have previously reported the asymmetric
istribution of the anionic phospholipid phosphatidylcho-
ine and the presence of glycolipids in the viral mem-
rane (Mun˜oz-Barroso et al., 1997).These molecules can
acilitate viral membrane–cell interactions, even though
ost of the viral glycoproteins have been trypsinized .
Recently, Ohki et al. (1998) have shown that the initial
ate of dequenching (within 2 min) of R18 incorporated in
endai virus envelope was predominantly due to fusion,
ith little contribution by nonspecific transfer. Our inves-
igations corroborate this observation (data not shown).
n analyzing the data on fusion after 2 min of virus–cell
ncubation, no differences in the extent of fusion were
etected between neutral and basic pH. By contrast, an
ctivation was found at pH 5 (Fig. 4). However, glutaral-
ehyde-treated virus exhibited 97% of inhibition, and
ore than 70% of fusion was abrogated in the presence
f mercaptoethanol or when heat-treated viruses were
sed. The inhibitory effect of COS-7 preincubation with
H4Cl was not observed at 2 min after virus–cell contact.
ecause of the lag time required for endocytosis and
ndosome acidification, the time taken for the virus to
ecome internalized through the endocytic pathway
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338 SAN ROMA´N, VILLAR, AND MUN˜OZ-BARROSOould be slower than direct fusion with the plasma mem-
rane, which could explain the absence of inhibition at 2
in after virus–cell contact. The inhibition of fusion that
ccurred in the presence of the weak base ammonium
hloride after 30 min of the fusion reaction (Table 2) is
robably not due to differences in nonspecific probe
ransfer in the absence or presence of the salt. This
herefore provides additional support of the hypothesis
resented here to the effect that NDV can enter COS-7
ells through the endocytic pathway in a slower way than
irect fusion with the plasma membrane.
For fusion between erythrocyte ghosts and R18-la-
eled NDV, Cobaleda et al. (1994) have shown that 33%
f the dequenching detected after 60 min of incubation is
ue to specific fusion; those authors did not find any
ariation in nonspecific probe transfer under different
onditions of pH or temperature. Nevertheless, on using
OS-7 cells as target membranes, we found difficulties
n fitting the experimental data to the sum of two expo-
entials under nonoptimal conditions, similar to the find-
ngs of Ohki et al. (1998). According to the data presented
ere, 60–70% of probe transfer inhibition would be con-
idered as the upper limit after 30 min of incubation. This
alue is close to that calculated by Ohki et al. (1998) for
usion between Sendai R18-labeled virosomes with
rythrocyte ghosts, where the estimation of nonspecific
ransfer was 25% of the total dequenching of the probe at
7°C.
To sum up, fusion of NDV with the cell line COS-7 has
een characterized. We found that specific fusion was
nhanced at acidic pH, and our data suggest that NDV
an enter the cells through two different routes: direct
usion with the plasma membrane being the principal
ode, and endocytosis accounting for the second route
nd explaining 30% of the overall phenomenon. Further
nvestigations should be carried out to determine the
echanism and meaning of this dual pathway. In this
ork, we also quantified the extent of nonspecific trans-
er of the probe R18 from the donor (R18-labeleled NDV)
o the target membrane (COS-7 cells). To test the effect of
ertain inhibitors on the specific fusion undergone by the
lycoproteins of NDV, 2 min of incubation should be the
ptimum time.
MATERIALS AND METHODS
aterials
Octadecylrhodamine B chloride (R18) was a product
rom Molecular Probes Inc. (Junction City, OR). N-Acetyl-
rypsin (EC 3.4.21.4), Tris, Triton X-100, BSA, SDS, trypsin,
oybean trypsin inhibitor, and Sephadex G-75 were from
igma Chemical Co. (St. Louis, MO). Low melting tem-
erature agarose was from FMC BioProducts (Rockland,
E).Cell culture media were from BioWhittaker (Walkers-ille, MD). Reagents for SDS–PAGE were of electro- Rhoretic grade and purchased from Bio-Rad (Richmond,
A); all other reagents were of analytical grade.
eptide
Peptide N24, which correspond to a 24-amino acid
egment (amino acids 145–168; sequence KQNAANILR-
KESIAATNEAVHEV) from the HR1 region of the NDV F
rotein, was obtained from Tufts University of Medicine
eptide Core Facility (Boston, MA). The peptide was
urified by the Tufts facility to a purity greater than 90%
hrough the use of HPLC. This peptide was used without
urther purification in a freshly made solution of 1 mg/ml
n PBS.
ells and viruses
NDV “Clone 30” was grown and purified mainly as
escribed previously (Garcı´a-Sastre et al., 1989). COS-7
nd Vero cells were obtained from the American Type
ulture Collection and maintained in Dulbecco’s modi-
ied Eagle’s medium (DMEM) supplemented with L-glu-
amine (580 mg/liter), penicillin–streptomycin (100 U/ml
o 100 mg/ml), and heat-inactivated FCS at 10% for COS-7
ells and 5% for Vero cells. For fusion experiments,
OS-7 cells grown in monolayers were released with
rypsin–EDTA. Trypsin was inactivated by the addition of
MEM. The cells were washed twice with 15 mM HEPES
uffer (130 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM
gCl2, 10 mM glucose), pH 7.4, and resuspended to
.5 3 106 cells/200 ml in HEPES buffer, pH 7.4.
abeling of NDV with R18
The fluorescent probe octadecylrhodamine (R18) was
nserted into the viral envelope as described previously
Hoekstra et al., 1984). Briefly, approximately 1 mg of viral
rotein was suspended in 1 ml of KNP buffer (120 mM
Cl, 30 mM NaCl, 10 mM sodium phosphate, pH 7.4).
hen 10 ml of an ethanolic solution of R18 containing 25
mol of the probe was injected into the mixture, under
igorous vortexing. After incubation for 1 h at room tem-
erature, under constant stirring in the dark, the nonin-
erted probe was removed by gel filtration on a Seph-
dex G-75 column (1 3 25 cm) with KNP as the elution
uffer. R18-labeled virus was recovered in the void vol-
me fraction, the amount of virus was determined by
rotein measurement using the spectrophotometric pro-
edure of Lowry et al. (1951) using BSA as standard, and
he preparation was stored on ice. This R18-labeled NDV
as used for fusion experiments within a maximum of
8 h. The total amount of R18 incorporated into the viral
embrane was quantified by measuring the fluores-
ence after lysing the virus in Triton X-100 1% (v/v, final
oncentration) and comparing this measurement with a
tandard R18 curve (Hoekstra et al., 1984). For all the
18-labeled NDV, the R18/viral lipid molar relationship
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339NDV-CELL CULTURE FUSIONas less than 10% according to the lipid composition of
DV “Clone 30” (Mun˜oz-Barroso et al., 1997).
18 fusion assay
The fusion assay was based on the relief of self-
uenching of the probe, which, when diluted into the
arget membrane as a result of fusion and/or probe
ransfer, gives rise to an increase in the fluorescence
mission signal (Hoekstra et al., 1984). Continuous mon-
toring of the R18 fluorescence was carried out with an
itachi F-4010 spectrofluorometer (excitation wave-
ength, 560 nm; emission wavelength, 590 nm; slit widths,
and 10 nm for excitation and emission, respectively). All
omponents in the cuvette were stirred continuously with
magnetic stirrer during the reaction time, and temper-
ture was controlled by a thermostatically controlled
ater bath. In a typical fusion experiment, 3.5 3 106
OS-7 cells were suspended in a cuvette containing 15
M HEPES buffer, pH 7.4, at 37°C. Subsequently, 20 mg
f R18-labeled virus was added, and the development of
18 fluorescence was monitored continuously for ap-
roximately 30 min. The final incubation volume in all
usion experiments was 2 ml. Fusion was stopped by the
ddition of Triton X-100 to 1% (v/v, final concentration),
nd the resulting fluorescence was taken as 100%. The
xtent of fusion and/or probe transfer at any time, which
s proportional to the percentage of fluorescence de-
uenching, was calculated according to the equation:
% Fusion 5 100(Ft 2 F0/F100 2 F0) (1)
here F0 and Ft are the fluorescence intensities at time
ero and at the given time point, respectively; and F100 is
he fluorescence after the addition of Triton X-100, which
as considered to result in infinite dilution of the probe
Hoekstra et al., 1984).
inding studies
Next 20 mg of R18-labeled NDV were allowed to bind
o 3.5 3 106 COS-7 cells at 4°C in 400 ml of 15 mM
EPES buffer, pH 7.4, from 0 to 60 min. After incubation,
onbound virus was removed by centrifugation at 140 g
or 5 min at 4°C, and the cells were washed twice with
00 ml of ice-cold HEPES buffer. The supernatants were
ooled, and the distribution of R18 between the cell
ellet and supernatant, corresponding to bound and free
irus, respectively, was determined after the addition of
riton X-100 at a final concentration of 1% (v/v).
ffect of pH on fusion
R18-labeled virus was incubated for 30 min with 3.5 3
06 COS-7 cells at 37°C, at different pH values using 0.05
citrate buffer for acidic pH values, and HEPES buffer
or pH 7.4 and 8. After this, fusion percentages were
etermined as above. arotease treatment
Aliquots of R18-labeled virus were treated at 37°C with
mg of trypsin/mg of NDV in 100 ml of KNP, pH 7.4, for 1 h
nder stirring. Then trypsin was inactivated by the addi-
ion of 100 ml of KNP containing a twofold excess of
oybean trypsin inhibitor (Sigma Chemical Co.). Fusion
as quantified by incubation of trypsin-treated NDV with
.5 3 106 COS-7 cells for 30 min at 37°C, as described
bove.
ncubation with ammonium chloride or sodium azide
COS-7 cells were preincubated at 37°C under stirring
n the presence of 0.05 M ammonium chloride or 0.1%
odium azide in HEPES buffer, pH 7.4, for 1 h and 45 min,
espectively. After incubation, the mixture was trans-
erred to a cuvette, and fusion was initiated by the addi-
ion of R18-labeled virus. As a control, cells alone were
ncubated in HEPES buffer, pH 7.4 .
usion experiments in the presence of N24 peptide
Next 20 mg of R18-labeled NDV in KPN was incubated
ith 80 mg of N24 peptide in a final volume of 200 ml for
h at room temperature under stirring. Then, 3.5 3 106
OS-7 cells were added to a final volume of 2 ml, and
usion was accomplished at 37°C as above.
lutaraldehyde treatment
Then 20 mg of R18-labeled NDV or 3.5 3 106 COS-7
ells were treated with 5% glutaraldehyde (v/v, final con-
entration) in 1 ml of HEPES buffer, pH 7.4, for 30 min at
7°C with stirring. Fusion was accomplished as de-
cribed above.
DV infection in cell culture
A total of 2.5 3 105 Vero cells were plated onto a
2-well plate. At 16 h after plating, serial dilutions of virus
ere allowed to infect the cell monolayers. The virus was
dsorbed for 30–60 min at 37°C in DMEM containing 2%
f FBS. Then 1% of agarose in DMEM with 5% FBS and
ontaining 5 mg/ml N-acetyl-trypsin was overlaid. At 24 h
ostinfection, the cytophatic effect was evaluated by
icroscopy after fixing the cells with 4% formaldehyde
nd staining with 1% crystal violet.
DS–PAGE
SDS–PAGE was performed essentially by the method
f Fairbanks et al. (1971) using 5–15% polyacrylamide
radient gels. Gels were stained with Coomassie blue.
ata analysis
To quantify the dequenching due to fusion and due to
onspecific probe transfer between membranes, the
nalysis of data were essentially as described by Co-
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340 SAN ROMA´N, VILLAR, AND MUN˜OZ-BARROSOaleda et al. (1994). Kinetic data were fitted by nonlinear
egression with the SIMFIT computer package version
.1, developed by W. G. Bardsley, University of Manches-
er, U.K. (Bardsley et al., 1995) using sum of two expo-
ential terms model:
% Fusion 5 A1[1 2 exp(2k1t)] 1 A2[1 2 exp(2k2t)] (2)
he goodness of each individual fit was evaluated using
he x2 test, the run and sign test of residuals, plots of
esiduals, the magnitude of relative residuals, the t test
or parameter redundancy, and R2.
ACKNOWLEDGMENTS
This work was supported by the Spanish DGES (PM97-0160) and
unta de Castilla y Leo´n (SA 62/99) Grants to E.V.; K.S.R. has a predoc-
oral fellowship from the AECI, Ministerio de Educacio´n y Cultura,
pain. We thank Drs. E. Dı´ez Espada and J. A. Rodrı´guez (Intervet
aboratories, Salamanca, Spain) for providing the lentogenic “Clone 30”
train of NDV. This article is dedicated to the memory of the Spanish
irologist Eladio Vin˜uela (Centro de Biologı´a Molecular, UAM, Madrid,
pain), who recently passed away.
REFERENCES
ardsley, W. G., Bukhari, N. A. J., Ferguson, M. W. J., Cachaza, J. A., and
Burguillo, F. J. (1995). Evaluation of model discrimination, parameter
estimation and goodness of fit in nonlinear regression problems by
test statistics distributions. Comput. Chem. 19, 75–84.
lumenthal, R., Bali-Puri, A., Walter, A., Covell, D., and Eidelman, O. J.
(1987). pH-dependent fusion of vesicular stomatitis virus with Vero
cells: Measurement by dequenching of octadecylrhodamine fluores-
cence. J. Biol. Chem. 262, 13614–13619.
rasseur, R., Vandenbranden, M., Cornet, B., Burny, A., and Ruys-
schaert, J. M. (1990). Orientation into the lipid bilayer of an asymmet-
ric amphipathic helical peptide located at the N-terminus of viral
fusion proteins. Biochim. Biophys. Acta 1029, 267–273.
hoppin, P. W., and Compans, R. W. (1975). In “Comprehensive Virology”
(H. Fraenkel-Conrat and R. R. Wagner, Eds.), pp. 95–178. Plenum
Press, New York.
obaleda, C., Garcia-Sastre, A., and Villar, E. (1994). Fusion between
Newcastle disease virus and erythrocyte ghosts using octadecyl
rhodamine B fluorescence assay produces dequenching curves that
fit the sum of two exponentials. Biochem. J. 300, 347–354.
u¨zgu¨nes, N., Pedroso de Lima, M. C., Stamatatos, L., Flasher, D.,
Alford, D., Friend, D. S, and Nir, S. (1992). Fusion activity and inacti-
vation of influenza virus: Kinetics low pH-induced fusion with cul-
tured cells. J. Gen. Virol. 73, 27–37.
airbanks, G., Steck, T. L., and Wallach, D. F. H. (1971). Electrophoretic
analysis of the major polypeptides of the human erythrocyte mem-
brane. Biochemistry 10, 2606–2617.
arcı´a-Sastre, A., Cabezas, J. A., and Villar, E. (1989). Proteins of
Newcastle disease virus envelope: Interaction between the outer
hemagglutinin-neuraminidase glycoprotein and the inner nonglyco-
sylated matrix protein. Biochim. Biophys. Acta 999, 171–175.
ething, M. J., Doms, R. W., York, D., and White, J. (1986). Studies on the
mechanism of membrane fusion: Site-specific mutagenesis of the
hemagglutinin of influenza virus. J. Cell Biol. 102, 11–23.
otoh, B., Ogasawara, T., Toyoda, T., Inocencio, N. M., Hamaguchi, M.,
and Nagai, Y. (1990). An endoprotease homologous to the blood
clotting factor X as a determinant of viral tropism in chick embryo.
EMBO J. 9, 4189–4195.
aywood, A. M. (1994). Virus receptors: Binding, adhesion strengthen-
ing, and changes in viral structure. J. Virol. 68, 1–5.ernandez, L. D., Hoffman, L. R., Wolfsberg, T. G., and White, J. M.
(1996). Virus-cell and cell-cell fusion. Annu. Rev. Cell Biol. 12, 627–
661.
oekstra, D., de Boer, T., Klappe, K., and Wilschut, J. (1984). Fluores-
cence method for measuring the kinetics of fusion between biolog-
ical membranes. Biochemistry 23, 5675–5681.
oekstra, D., and Klappe, K. (1986). Sendai virus-erythrocyte membrane
interaction: Quantitative and kinetic analysis of viral binding, disso-
ciation, and fusion. J. Virol. 58, 87–95.
oekstra, D., Klappe, K., de Boer, T., and Wilschut, J. (1985). Character-
ization of the fusogenic properties of Sendai virus: Kinetics of fusion
with erythrocyte membranes. Biochemistry 24, 4739–4745.
oekstra, D., and Kok, J. W. (1989). Entry mechanisms of enveloped
viruses: Implications for fusion of intracellular membranes. Biosci.
Rep. 9, 273–305.
orvath, C. M., Paterson, R. G., Shaughnessy, M. A., Wood, R., and
Lamb, R. A. (1992). Biological activity of paramyxovirus fusion pro-
teins: Factors influencing formation of syncytia. J. Virol. 66, 4564–
4569.
wata, S., Schmidt, A. C., Titani, K., Suzuki, M., Kido, H., Gotoh, B.,
Hamaguchi, M., and Nagai, Y. (1994). Assignment of disulfide bridges
in the fusion glycoprotein of Sendai virus. J. Virol. 68, 3200–3206.
amb, R. A. (1993). Paramyxovirus fusion: A hypothesis for changes.
Virology 197, 1–11.
orge, P., Cabiaux, V., Long, L., and Ruysschaert, J. M. (1986). Fusion of
Newcastle disease virus with liposomes: Role of the lipid composi-
tion of liposomes. Biochim. Biophys. Acta 258, 312–316.
owry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951).
Protein measurement with the Folin phenol reagent. J. Biol. Chem.
193, 265–275.
addon, P. J., McDougal, J. S., Clapham, P. R., Dalgleish, A. G., Jamal,
S., Weiss, R. A., and Axel, R. (1988). HIV infection does not require
endocytosis of its receptor, CD4. Cell 54, 865–874.
arsh, M., and Helenius, A. (1989). Virus entry into animal cells. Adv.
Virus Res. 36, 107–151.
arsh, M., and Pelchen-Matthews, A. (1994). In “Cellular Receptors for
Animal Viruses” (E. Wimmer, Ed.). pp. 215–240. Cold Spring Harbor
Laboratory Press, Cold Spring Harbor, New York.
cGinnes, L. W., and Morrison, T. G. (1997). Disulfide bond formation is
a determinant of glycosylation site usage in the hemagglutinin-
neuraminidase glycoprotein of Newcastle disease virus. J. Virol. 71,
3083–3089.
ellman, I., Fuchs, R., and Helenius, A. (1986). Acidification of the
endocytic and exocytic pathways. Annu. Rev. Biochem. 55, 663–700.
orrison, T., McQuain, C., and McGinnes, L. (1991). Complementation
between avirulent Newcastle disease virus and a fusion protein
gene expressed from a retrovirus vector: Requirements for mem-
brane fusion. J. Virol. 65, 813–822.
orrison, T, and Portner, A. (1991). In “The Paramyxovirus” (H. Fraenkel-
Conrat and R. R. Wagner, Eds.), pp. 347–382. Plenum Press, New
York.
un˜oz-Barroso, I., Cobaleda, C., Zhadan, G., Shnyrov, V., and Villar, E.
(1997). Dynamic properties of Newcastle disease virus envelope and
their relations with membrane glycoproteins. Biochim. Biophys. Acta
1327, 17–31.
agai, Y., Hamaguchi, M., Toyoda, T., and Yoshida, T. (1983). The
uncoating of paramyxoviruses may not require a low pH mediated
step. Virology 130, 263–268.
hki, S., Flanagan, T. D., and Hoekstra, D. (1998). Probe transfer with
and without membrane fusion in a fluorescence fusion assay. Bio-
chemistry 37, 7496–7503.
auza, C. D. (1991). The endocytic pathway for human immunodefi-
ciency virus infection. Adv. Exp. Med. Biol. 300, 111–144.
edroso de Lima, M. C., Nir, S., Flasher, D., Klappe, K., Hoekstra, D., and
Du¨zgu¨nes, N. (1991). Fusion of Sendai virus with human HL-60 and
CEM cells: Different kinetics of fusion for two isolates. Biochim.
Biophys. Acta 1070, 446–454.
PP
R
S
S
S
S
S
S
S
S
S
S
S
S
T
W
W
W
W
W
W
341NDV-CELL CULTURE FUSIONedroso de Lima, M. C., Ramalho-Santos, J., Martins, M. F., Pato de
Carvalho, A., Bairos, V., and Nir, S. J. (1992). Kinetic modeling of
Sendai virus fusion with PC-12 cells: Effect of pH and temperature on
fusion and viral inactivation. Eur. J. Biochem. 205, 181–186.
uri, A., Winick, J., Lowy, R. J., Covell, D., Eidelman, O., Walter, A., and
Blumenthal, R. (1988). Activation of vesicular stomatitis virus fusion
with cells by pretreatment at low pH. J. Biol. Chem. 263, 4749–4753.
amalho-Santos, J., Pedroso de Lima, M. C., and Nir, S. J. (1996). Partial
fusion activity of influenza virus toward liposomes and erythrocyte
ghosts is distinct from viral inactivation. J. Biol. Chem. 271, 23902–
23906.
ato, S. B., Kawasaki, K., and Ohnishi, S.-I. (1983). Hemolytic activity of
influenza virus hemagglutinin glycoproteins activated in mildly acidic
environments. Proc. Natl. Acad. Sci. USA 80, 3153–3157.
cheule, R. K. (1987). Fusion of Sindbis virus with model membranes
containing phosphatidyl-ethanolamine: Implications for protein-in-
duced membrane fusion. Biochim. Biophys. Acta 899, 185–195.
ergel, T., McGinnes, L. W., and Morrison, T. G. (1993b). The fusion
promotion activity of the NDV HN protein does not correlate with
neuraminidase activity. Virology 196, 831–834
ergel, T., McGinnes, L. W., Peeples, M. E., and Morrison, T. G. (1993a).
The attachment function of the Newcastle disease virus hemagglu-
tinin-neuraminidase protein can be separated from fusion promotion
by mutation. Virology 193, 717–726.
hnyrov, V. L., Zhadan, G. G., Cobaleda, C., Sagrera, A., Mun˜oz-Barroso,
I., and Villar, E. (1997). A differential scanning calorimetric study of
Newcastle disease virus: Identification of proteins involved in ther-
mal transitions. Arch. Biochem. Biophys. 341, 89–97.
inangil, F., Loyter, A., and Volsky, D. J. (1988). Quantitative measure-
ment of fusion between human immunodeficiency virus and cultured
cells using membrane fluorescence dequenching. FEBS Lett. 239,
88–92.
rinivasakumar, N., Ogra, P. L., and Flanagan, T. D. (1991). Character-
istics of fusion of respiratory syncytial virus with HEp-2 cells as
measured by R18 fluorescence dequenching assay. J. Virol. 65,
4063–4069.tegmann, T., Morselt, H. W., Scholma, J., and Wilschut, J. (1987). Fusion
of influenza virus in an intracellular acidic compartment measured by
fluorescence dequenching. Biochim. Biophys. Acta 904, 165–170.
tegmann, T., Schoen, P., Bron, R., Wey, J., Bartoldus, I., Ortiz, A.,
Nieva, J. L., and Wilschut, J. (1993). Evaluation of viral membrane
fusion assays: Comparison of the octadecylrhodamine dequench-
ing assay with the pyrene excimer assay. Biochemistry 32, 11330–
11337.
tein, B. S., Gowda, S. D., Lifson, J. D., Penhallow, R. C., Bensch, K. G.,
and Engleman, E. G. (1987). pH-independent HIV entry into CD4-
positive T cells via virus envelope fusion to the plasma membrane.
Cell 49, 659–668.
tone-Hulslander, J., and Morrison, T. G. (1997). Detection of an inter-
action between the HN and F proteins in Newcastle disease virus-
infected cells. J. Virol. 71, 6287–6295.
tone-Hulslander, J., and Morrison, T. G. (1999). Mutational analysis of
heptad repeats in the membrane-proximal region of Newcastle dis-
ease virus HN protein. J. Virol. 73, 3630–3637.
rybala, E. (1987). Fusion of erythrocytes by Newcastle disease virus.
Acta Virol. 31, 175–179.
hite, J. M. (1990). Viral and cellular membrane fusion proteins. Annu.
Rev. Physiol. 52, 2887–2896.
hite, J. M. (1992). Membrane fusion. Science 258, 917–924.
hite, J., Kielian, M., and Helenius, A. (1983). Membrane fusion proteins
of enveloped animal viruses. Q. Rev. Biophys. 16, 151–195.
iley, D. C., and Skehel, J. J. (1987).The structure and function of the
hemagglutinin membrane glycoprotein of influenza virus. Annu. Rev.
Biochem. 56, 365–394.
underli-Allenspach, H., Gunthert, M., and Ott, S. (1993). Inactivation of
PR8 influenza virus through the octadecylrhodamine B chloride
membrane marker. Biochemistry 32, 900–907.
underli-Allenspach, H., and Ott, S. (1990). Kinetics of fusion and lipid
transfer between virus receptor containing liposomes and influenza
viruses as measured with the octadecylrhodamine B chloride assay.
Biochemistry 29,1990–1997.
